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Activin induces the expression of different genes in a concentration-dependent manner. In this paper, we show that the
initial response of cells to activin, whether assayed in dispersed cells or in a bead-implantation regime in intact animal caps,
is to activate expression of both Xbra and goosecoid. However, differential expression of the two genes, with down-
egulation of Xbra, occurs very rapidly and certainly within 3 h of the initial phase of expression. This rapid refinement of
ene expression can occur in dispersed cells and thus does not require cell–cell interactions. Refinement of gene expression
oes, however, require protein synthesis but not goosecoid function. Together, our results place the burden of threshold
ormation not on the initial induction of different genes but on regulatory interactions between the genes once they have
een activated. © 2000 Academic Presst
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TGF-b family members, such as activin, Vg1, derrie`re,
the nodal-related genes, and the BMPs, play essential roles
in mesoderm induction and patterning during amphibian
development (reviewed by Harland and Gerhart, 1997; see
also Sun et al., 1999). One interesting property of these
signalling factors is that they induce different cell types,
and activate the expression of different genes, at different
concentrations (Dale et al., 1992; Green et al., 1992; Green
and Smith, 1990; Gurdon et al., 1994, 1995; Jones et al.,
1995; Kessler and Melton, 1995; Sun et al., 1999). For
example, low concentrations of activin induce ventral cell
types and activate posteriorly and ventrally expressed genes
such as Xbra, while high concentrations induce anterior
nd dorsal structures such as notochord and activate ante-
iorly expressed genes such as goosecoid (Green et al., 1992;
urdon et al., 1994).
These results are of interest because they suggest a
echanism by which regional specification might occur.
or example, if there were a local source of activin, and if
ctivin were diffusible, a gradient of activin might be
stablished with a high concentration near the source,
hich might activate goosecoid, and a lower concentration
urther away which would activate Xbra. Elegant experi-
ents by Gurdon and colleagues are consistent with such a
odel (Gurdon et al., 1994, 1995, 1996; McDowell et al.,997; see also Jones et al., 1996). t
166How do cells distinguish between different concentra-
ions of activin to activate the expression of different genes?
ecent experiments addressing this point have demon-
trated that increased levels of signalling from the ALK-4
ype I activin receptor are sufficient to obtain differential
ene activation (Armes and Smith, 1997) and that just 2%
ctivin receptor occupancy is required to induce expression
f Xbra, while 6% occupancy induces expression of goose-
oid (Dyson and Gurdon, 1998). These experiments suggest
hat the “interpretation” of activin signalling levels occurs
ownstream of the activin receptor, and consistent with
his idea we note that increasing levels of Smad2, like
ncreasing levels of activin and ALK-4, also activate Xbra
nd then goosecoid (Shimizu and Gurdon, 1999; see also
raff et al., 1996).
Interestingly, earlier experiments investigating the gen-
ration of threshold responses noted that the initial re-
ponse of dispersed animal pole blastomeres to increasing
oncentrations of activin is to activate both Xbra and
oosecoid and that differential expression of these genes
ccurs only several hours later, in a cell contact-dependent
anner, at the late neurula stage (Green et al., 1994; Symes
t al., 1994; Wilson and Melton, 1994). This conclusion is at
dds, however, with results of Gurdon and colleagues,
hose experiments suggest that threshold responses occur
apidly. For example, when an activin-soaked bead is sand-
iched between two animal pole regions and cultured tohe early gastrula stage, a period of only 3–4 h, goosecoid is
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167Refinement of Activin-Induced Thresholdsactivated near the bead and Xbra further away (Gurdon et
l., 1994, 1995).
An understanding of threshold responses requires resolu-
ion of this apparent discrepancy. In this paper, we show
hat the initial response of cells to activin, whether assayed
n dispersed cells a` la Green and colleagues or in intact caps
` la Gurdon, is indeed to activate expression of both Xbra
and goosecoid, but that differential expression of the two
enes occurs very rapidly, and certainly within 3 h. This
apid refinement of gene expression (as opposed to the
onger term refinement studied by Wilson and Melton,
994) can occur in dispersed cells and thus does not require
ell–cell interactions. Refinement of gene expression does,
owever, require protein synthesis. One possibility, there-
ore, is that expression of Xbra at high doses of activin is
epressed by newly translated goosecoid protein (Latinkic
nd Smith, 1999). Use of a dominant-negative goosecoid
onstruct (Latinkic and Smith, 1999), however, suggests
hat if goosecoid does repress Xbra expression it does not do
o alone and that other repressors also play a role.
Together, our results place the burden of threshold for-
ation not on the initial induction of different genes but on
egulatory interactions between the genes once they have
een activated.
MATERIALS AND METHODS
Xenopus Embryos, Microinjection, and Dissection
Xenopus embryos were obtained by in vitro fertilisation (Smith
and Slack, 1983). They were maintained in 10% normal amphibian
medium (NAM: Slack, 1984) and staged according to Nieuwkoop
and Faber (1975). Embryos at the one-cell stage were injected with
RNA as described (Smith, 1993). Dispersed cell experiments were
carried out as described (Green et al., 1994). Briefly, animal caps
were excised in calcium- and magnesium-free medium (CMFM)
(Sargent et al., 1986) at blastula stage 8. Inner layer cells were
disaggregated by gentle shaking for 20 min in fresh CMFM. Cells
derived from 150 caps were pooled and divided into six aliquots for
incubation in various dilutions of activin in CMFM containing
0.1% bovine serum albumin (Sigma). After 10 min, cells were
collected and centrifuged for 2 min at 165g. After two washes with
CMFM, cells were either kept dispersed by transfer into an agarose-
lined 35-mm plastic petri dish containing CMFM or reaggregated
by adding 1 ml 75% NAM followed by centrifugation.
Protein synthesis inhibition experiments were performed as
described (Smith et al., 1991) except that cycloheximide was
applied for 1 h at a concentration of 10 mg/ml. This treatment
typically inhibits incorporation of [35S]methionine into acid-
precipitable material by over 95%.
In Vitro Transcription
The Gsc-VP16 construct is as described (Latinkic and Smith,
1999). RNA was synthesised as described (Smith, 1993).
RNA Isolation and RNase Protection Assays
RNase protection analysis was carried out as described (Jones etal., 1995) using RNase T1 alone for all samples. Samples were
Copyright © 2000 by Academic Press. All rightanalysed with probes specific for Xbra (Smith et al., 1991) goose-
coid (Blumberg et al., 1991), and EF-1a (Sargent and Bennett, 1990).
uantitation of RNase protections was performed using a Molecu-
ar Dynamics PhosphorImager. Counts in each sample were nor-
alised to counts in EF-1a.
Embryological Manipulations and Bead
Preparation
Animal caps were dissected at stage 8 in 75% NAM (Smith,
1993). Single activin-coated beads were placed between two such
caps (Gurdon et al., 1994, 1995) and the resulting conjugates were
cultured at 23°C in 75% NAM. Activin-coated beads were prepared
by washing beads (Affi-gel blue, 100–200 mesh, Bio-Rad) three
times in PBS and then incubating them in a solution of 0.1% BSA
containing activin for 2 h at 37°C. One unit/ml of activin activity
is defined as the minimum concentration required to induce
mesoderm in an animal cap explant (approximately 0.1 ng/ml or 5
pM protein) (Cooke et al., 1987).
In Situ Hybridisation
In situ hybridisations using either Xbra or goosecoid antisense
robes were performed as described (Harland, 1991) except that BM
urple (Boehringer Mannheim) was used as substrate and RNase
reatment was omitted.
RESULTS
Differential Gene Expression Is a Rapid, but Not
Immediate, Response to Different Concentrations
of Activin
The results of previous studies lead to different conclu-
sions as to whether the differential expression of Xbra and
goosecoid in response to different concentrations of activin
is an immediate effect or one which requires time and
cell–cell interactions. The bead implantation experiments
of Gurdon and colleagues suggest that the response is rapid
(Gurdon et al., 1994, 1995); by contrast, disaggregated cell
experiments emphasise the gradual nature of the effect
(Green et al., 1994; Symes et al., 1994; Wilson and Melton,
1994).
To address this issue, we have studied gene expression
patterns at shorter time intervals, both in the disaggregated
cell system and in bead implantation experiments. Thus
Fig. 1 shows expression levels of Xbra and goosecoid in
animal cap cells, either reaggregated or left dispersed, 2 or
5 h after activin treatment (at the equivalent, approxi-
mately, of stage 9.5 or stage 11). At 2 h, in both reaggregated
and dispersed cells, Xbra and goosecoid are expressed at all
concentrations of activin. The dose–response curves of the
two genes differ in detail, and in particular the response of
Xbra to increasing concentrations of activin “plateaus”
faster than that of goosecoid, but there is no evidence of a
threshold effect at this time point. Three hours later,
however, expression of Xbra is greatly down-regulated at
high activin doses, and in some experiments there is a slight
s of reproduction in any form reserved.
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This refinement of the Xbra and goosecoid expression
patterns occurs in both disaggregated and reaggregated cells.
These results indicate that the immediate response of cells
to different levels of activin is to activate both Xbra and
goosecoid. The expression patterns refine quite rapidly
thereafter in a cell-autonomous manner, such that Xbra is
aintained at low levels of inducer and goosecoid at high
levels.
Similar results were obtained in bead implantation ex-
periments. When conjugates were fixed after 2 h of culture,
Xbra and goosecoid were both expressed near the activin
source, indicating that they are activated by similar con-
centrations of inducer (Fig. 2A–2D). Three hours later,
goosecoid expression is restricted to a domain near the
activin bead, while Xbra is expressed some distance away,
where activin levels are presumed to be lower (Fig. 2E–2H).
Down-regulation of Xbra at High Concentrations
of Activin Requires Protein Synthesis
To ask whether protein synthesis is required for refine-
ment of gene expression patterns, disaggregated cells were
FIG. 1. Time course of induction of Xbra and goosecoid after activ
(A, C) aggregates of cells or (B, D) dispersed cells at 2 (A, B) or 5 (C
those of EF1a. These data are representative of at least three suchincubated in cycloheximide before being treated with ac-
Copyright © 2000 by Academic Press. All rightivin. Figure 3A shows that inhibition of protein synthesis
revents the decline in Xbra expression that is normally
bserved at high activin concentrations after 5 h of incuba-
ion.
Interference with goosecoid Function Does Not
Prevent Down-regulation of Xbra at High
Concentrations of Activin
One interpretation of the results described in Fig. 3A is
that cycloheximide inhibits the synthesis of a repressor of
Xbra that is normally induced in response to high doses of
activin. One candidate for such a repressor is goosecoid
(Artinger et al., 1997; Latinkic and Smith, 1999; Latinkic et
al., 1997); overexpression of goosecoid causes down-
regulation of Xbra in the intact embryo and in animal caps
and also represses expression of Xbra reporter constructs
(Artinger et al., 1997; Latinkic et al., 1997). Furthermore,
the effects of goosecoid as a repressor of Xbra expression
will be most marked at high activin concentrations when
the ratio of goosecoid expression to that of Xbra is highest
(Fig. 1).
To address this question, animal pole cells were obtained
atment. Quantitation by RNase protection of RNA extracted from
hours after activin treatment. Expression levels are normalised to
riments.in tre
, D)from embryos expressing the dominant-negative goosecoid
s of reproduction in any form reserved.
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169Refinement of Activin-Induced Thresholdsconstruct Gsc-VP16 (Latinkic and Smith, 1999). Figure 3B
shows that expression of Xbra is down-regulated by high
concentrations of activin even when goosecoid function is
FIG. 2. Spatial expression patterns of Xbra and goosecoid in activ
0.2 units/ml activin were sandwiched between two animal caps. Co
had reached stage 10.5 or 12. They were then fixed and assayed f
hybridisation. Two different conjugates are shown for each conditio
bisected with a tungsten needle after in situ hybridisation; dashe
goosecoid are expressed in similar domains in A–D but have resolinhibited.
Copyright © 2000 by Academic Press. All rightDISCUSSION
The results described in this paper show that the initial
ad sandwiches at different time points. Activin beads incubated in
ates were cultured for 2 h (A–D) or 5 h (E–H) until control embryos
pression of Xbra (A, B, E, F) or goosecoid (C, D, G, H) by in situ
d are representative of at least 20 samples. Each conjugate has been
ite circles indicate the position of the bead. Note that Xbra and
o their definitive expression patterns in E–H.in be
njug
or ex
n an
d whresponse of cells to increasing concentrations of activin,
s of reproduction in any form reserved.
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170 Papin and Smithwhether assayed in disaggregated cells or in bead implanta-
tion experiments, is not to activate different genes but to
activate the same genes to increasing extents. There are
differences in detail between the dose–response curves of
Xbra and goosecoid, but 2 h after activin treatment there is
no evidence for a threshold response. By 5 h, however, the
responses of Xbra and goosecoid resemble those previously
eported, in that Xbra is expressed at low levels of activin
nd goosecoid at high doses (Green et al., 1992, 1994;
urdon et al., 1994, 1995; Symes et al., 1994; Wilson and
FIG. 3. (A) Down-regulation of Xbra expression at high doses of
activin requires protein synthesis. RNase protection analysis of
cells treated with different concentrations of activin in the pres-
ence or the absence of cycloheximide and then cultured for 5 h.
Expression levels are normalised to those of EF1a. These data are
epresentative of four such experiments. Note that cycloheximide
revents the down-regulation of Xbra expression that is normally
bserved at high levels of activin. (B) Interference with goosecoid
unction is not sufficient to prevent down-regulation of Xbra at
igh activin doses. Embryo at the one-cell stage were injected with
ng RNA encoding Gsc-VP16 and the response of animal cap cells
erived from such embryos was compared with that of caps from
ninjected embryos. The Xbra expression level is normalised to
hat of EF1a. These data are representative of three such experi-
ments. Note that Gsc-VP-16 does not prevent the down-regulation
of Xbra expression that is normally observed at high levels of
activin.elton, 1994). These results reconcile the apparently t
Copyright © 2000 by Academic Press. All rightontradictory data summarised in the Introduction by illus-
rating the speed with which the expression profiles of Xbra
nd goosecoid resolve into their definitive patterns.
It is noteworthy that resolution of Xbra and goosecoid
xpression can occur in dispersed cells (Fig. 1), indicating
hat threshold generation is a cell-autonomous phenom-
non. This conclusion is not at odds with previous experi-
ents suggesting that cell–cell communication is required
Green et al., 1994; Wilson and Melton, 1994), because the
arlier data analysed gene expression at late gastrula and
eurula stages, by which time cell contact is an absolute
equirement for the expression of some mesodermal genes
Isaacs et al., 1994; Sargent et al., 1986; Schulte-Merker and
mith, 1995; Wilson and Melton, 1994).
Our observations, together with those of others, place the
urden of threshold formation not on activin receptor
unction (Armes and Smith, 1997) nor on signal transduc-
ion pathways (Shimizu and Gurdon, 1999), but on cell-
utonomous events occurring after the initial activation of
bra and goosecoid. These interactions ensure that cells
annot express both Xbra and goosecoid at the same time
nd that the cells that go on to express goosecoid are the
nes that were exposed to high doses of activin and the ones
hat go on to express Xbra were exposed to lower doses.
his modulation of Xbra and goosecoid expression is remi-
iscent of normal development, when a population of cells
hat expresses both Xbra and goosecoid quickly resolves
nto two expression domains (Artinger et al., 1997).
The mechanisms responsible for “sharpening” the Xbra
nd goosecoid threshold responses may be similar to those
esponsible for the sharpening of gap gene expression in
rosophila (see Lawrence, 1992). In Drosophila, it seems
robable that there are multiple levels of control, and the
ame is undoubtedly true in Xenopus. Indeed, in Fig. 3 we
efute the simplest model one might imagine, that at high
oncentrations of activin goosecoid represses Xbra. This
uggests that gene products in addition to goosecoid repress
xpression of Xbra. Such genes might include Otx2
Pannese et al., 1995) and Mix.1 (Rosa, 1989), both of which
own-regulate Xbra expression (Latinkic et al., 1997).
In addition to the repression of Xbra at high concentra-
ions of activin, other proteins may be involved in the
own-regulation of goosecoid at low activin doses. One
andidate for this role is Xom (which is identical or closely
elated to Xvent-2, Xvent-2B, Xbr-1, and Vox) (Ladher et al.,
996; Onichtchouk et al., 1996; Papalopulu and Kintner,
996; Rastegar et al., 1999; Schmidt et al., 1996), a tran-
criptional repressor (Onichtchouk et al., 1998; Trindade et
l., 1999) which can down-regulate expression of goosecoid
n a direct manner (Trindade et al., 1999). To elucidate the
oles of these and other proteins in threshold generation it
ill be necessary to study their temporal and spatial expres-
ion patterns (see Gurdon et al., 1996), to identify their
argets, and to inhibit their functions. These are formidable
asks.
s of reproduction in any form reserved.
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